In gray matter (GM), anoxia induces promi nent extracellular ionic changes that are important in un derstanding the pathophysiology of this insult. White matter (WM) is also injured by anoxia but the accompa nying changes in extracellular ions have not been studied. To provide such information, the time course and magni tude of anoxia-induced changes in extracellular K + con centration ([K + lo) and extracellular pH (pHo) were mea sured in the isolated rat optic nerve, a representative cen tral WM tract, using ion-selective microelectrodes.
Summary:
In gray matter (GM), anoxia induces promi nent extracellular ionic changes that are important in un derstanding the pathophysiology of this insult. White matter (WM) is also injured by anoxia but the accompa nying changes in extracellular ions have not been studied. To provide such information, the time course and magni tude of anoxia-induced changes in extracellular K + con centration ([K + lo) and extracellular pH (pHo) were mea sured in the isolated rat optic nerve, a representative cen tral WM tract, using ion-selective microelectrodes.
Anoxia produced less extreme changes in [K +10 and pHo in WM than are known to occur in GM; in WM during anoxia, the average maximum [K +10 was 14 ± 2.9 mM (bath [K +lo = 3 mM) and the average maximum acid shift was 0.31 ± 0.07 pH unit. The extracellular space volume rapidly decreased by �20% during anoxia. Excit ability of the rat optic nerve, monitored as the amplitude of the supramaximal compound action potential, was lost in close temporal association with the increase in [K + lo' Increasing the bath glucose concentration from 10 to 20 mM resulted in a much larger acid shift during anoxia (0.58 ± 0.08 pH unit) and a smaller average increase in [K +lo (9.2 ± 2.6 mM). The increased extracellular glu cose concentration presumably provided more substrate Energy stores in the adult mammalian brain fall rapidly during anoxia (Lowry et al., 1964) [see Plum and Pulsinelli (1986) for review]. In gray matter (GM) areas, such as the cerebral cortex, depletion of ATP is accompanied within several minutes by a for anaerobic metabolism, resulting in more extracellular lactate accumulation (although not directly measured) and a greater acid shift. Enhanced anaerobic metabolism during anoxia would provide energy for operation of ion pumps, including the sodium pump, that would result in smaller changes in [K + lo' These effects were probably responsible for the observation that the optic nerve showed significantly less damage after 60 min of anoxia in the presence of 20 mM glucose compared to 10 mM glu cose. Under normoxic conditions, increasing bath K + concentration to 30 mM (i.e., well beyond the level shown to occur with anoxia) for 60 min caused abrupt loss of excitability during the period of application but mini mal change in the amplitude of the compound action po tential following the period of exposure. The anoxia induced increase in [K + lo, therefore, was not itself di rectly responsible for irreversible loss of optic nerve function. These observations indicate that major qualita tive differences exist between mammalian GM and WM with regard to anoxia-induced extracellular ionic changes. Key Words: Ions-Ischemia-Glucose-Optic nerve-Compound action potential-Ion-selective elec trodes. massive increase in extracellular K + concentration ([K +]0) (Hansen, 1985) and extracellular pH (pHo) shifts in the acid direction (Hansen, 1985; Kraig et al., 1985) ; the magnitude of the acid shift is larger if higher concentrations of glucose are available for anaerobic metabolism to lactic acid (Kraig et al., 1985) . These changes in extracellular ions can affect neuronal function and are important in understand ing the pathophysiology of anoxic injury (Hansen, 1985) . Elevated [K + ]0 depolarizes neuronal mem branes, thereby reducing and then blocking action potentials; depolarizes synaptic terminals, causing uncontrolled transmitter release (Benveniste et al., 1984) ; reduces electrogenic glial uptake of neuro-transmitters, including the excitotoxin glutamate (Schwartz and Tachibana, 1990) ; induces cell swell ing (Kimelberg and Ransom, 1986) ; and may affect the caliber of blood vessels (Paulson and Newman, 1987) . Extracellular acidosis can have direct toxic effects on both neuronal and glial membranes (Kraig et ai., 1987; Goldman et ai., 1989; Staub et ai., 1990) , may alter ion channel function (Chesler, 1990) , and has recently been shown to block cur rents generated by activation of NMDA receptors (Tang et ai., 1990) .
Portions of the brain such as the subcortical re gion that contain only axons and glial cells, i.e., white matter (WM), are also subject to rapid energy depletion and dysfunction with anoxia (Ransom et ai., 1990a; Stys et ai., 1990) , but the ionic alter ations that may accompany anoxia in this part of the brain have not been previously analyzed. Given the absence of transmitter-mediated membrane interac tions and the presence of unique metabolic charac teristics (Reivich, 1974; Nishizaki et ai., 1988) , there is reason to think that the ionic changes may be considerably different in WM compared to GM; likewise, the functional consequences of anoxia induced extracellular ion changes may be different in WM compared to GM. As a first step in address ing these questions, we have studied the changes in [K +]0 and pHo that accompany anoxia in the rat optic nerve, a representative mammalian WM tract that has proven to be a useful model system for analysis of WM anoxic injury (Ransom et aI., 1990a; Stys et aI., 1990) . Our results quantify the magnitude and time course of changes seen in these two ions and show that the character of these changes, and functional outcome of the optic nerve after anoxia, are modulated by the bath glucose concentration. Some of this work has been reported in abstract form (Walz et ai., 1986; Davis and Ran som, 1987) .
METHODS
Optic nerves from CO2-anesthetized Long-Evans rats, aged 50-80 days, were dissected free, placed in an inter face chamber (Medical Systems, Greenvale, NY, U.S.A.) maintained at 37°C, and bathed in a physiological saline solution containing the following (in mM): NaCI, 124; KCI, 3; NaH2P04, 1.25; MgS04, 2; CaCI2, 2; NaHC03, 26; and glucose, 10 (Connors et aI., 1982; Stys et aI., 1990) . Suction electrodes, backfilled with an identical so lution, were attached to the ends of the nerve for stimu lating and recording the compound action potential (CAP); in some experiments, only a stimulation suction electrode was used, and the CAP was monitored using the indifferent barrel of the ion-measuring electrode assem bly. Nerves were allowed a minimum of 30 min to stabi lize before beginning an experiment. The CAP was mon itored as a measure of optic nerve excitability, and was J Cereb Blood Flow Metab, Vol. 12, No.4, 1992 elicited by a supramaximal stimulus pulse (50 fLS) deliv ered at 30 or 60 s intervals; the supramaximal stimulus intensity was defined as 25% greater than that needed to elicit a maximal response. Data were stored on magnetic disk for subsequent analysis (Indec Systems: LSI/II host system, Cheshire Data AID Interface).
Measurement of extracellular ions and extracellular volume
Double-barreled ion-selective microelectrodes (ISMs) with tip diameters between 1 and 2.5 fLm were made with thick septum theta glass and calibrated as previously de scribed (Borrelli et aI., 1985; Carlini and Ransom, 1990) . The ion-sensitive barrel was filled with potassium (Corn ing 477317 resin) or proton (Fluka proton cocktail) (Am mann et aI., 1981) liquid ion-exchange resin. The other barrel of the ISM recorded field potentials. The tip of the electrode assembly was positioned toward the center of each nerve and adjusted to give the maximum field po tential. Because the nerve was uniformly excited by the supramaximal stimulus pulse, slight changes in tip posi tion did not significantly alter evoked ion changes. In the absence of stimulation or anoxia, the measured values of [K +lo and pHo were stable over time.
Alterations of extracellular space (ECS) volume were measured by adding 5 mM tetramethylammonium bro mide (TMA) to the normal bathing medium. An appropri ate amount of NaCl was deleted to maintain tonicity. ISMs filled with the classical Corning K + exchange resin are far more sensitive to TMA + than to K + ; in the pres ence of TMA +, under physiological conditions, voltage fluctuations reflect changes in its concentration alone (Phillips and Nicholson, 1979; Hansen and Olsen, 1980; Ransom et aI., 1985) . Because of its size and charge, TMA + is largely restricted to the ECS (Nicholson and Phillips, 1981) , although it may be rapidly taken up by glial cells to a steady intracellular level (Ballanyi et aI., 1990) , and changes in the volume of the ECS due to trans membrane water shifts alter the concentration of TMA + . Variations in ECS volume are calculated using the fol lowing expression (Dietzel et aI., 1980) : % shrinkage of ECS = (l -[TMAlo before activity/[TMAlo after activ ity) x 100.
Induction of anoxia
Nerves were constantly aerated with a humidified gas mixture supplied at a high flow rate. Anoxia was induced by switching from the control gas mixture of 95% 02/5% CO2 to a mixture containing 95% N2/5% CO2, We modi fied the recording chamber slightly so that it could be closed up like a box by adding removable lucite plates; only a small slit remained, which gave access to the suc tion electrodes. This modification facilitated rapid and complete gas exchange in the chamber by greatly reduc ing the ability of ambient air to mix with the atmosphere inside the chamber.
Oxygen dissolved in aqueous solution dissipates very slowly when the solution is suddenly shifted to an oxy gen-free environment (Goldberg et aI., 1986) . To preclude the possibility that the tissue might receive some O2 via the bath solution under anoxic conditions, the perfusate was aerated exclusively with 95% Nz15% CO2 throughout each experiment. In fact, it was noted in preliminary ex periments that if the perfusing solution was aerated with an 02-containing mixture, the CAP was lost more slowly upon switching to anoxic conditions. Eliminating the O2 from the perfusate had no effect on CAP amplitude under control conditions (for as long as 10 h), indicating that with the interface design chamber, sufficient O2 for tissue survival was provided by the gas mixture coming directly into the chamber. Some delay in O2 removal from the tissue when switching to N2 could have come about be cause of residual hemoglobin within capillaries (Kraus and Colacino, 1986) .
Optic nerves were exposed to 9-15 min of anoxia in most experiments to insure that maximum changes in ex tracellular ions, which usually occurred within 5-8 min of anoxia onset, were measured. A standardized anoxic in terval of 60 min was used in experiments on recovery of CAP function (Stys et aI., 1990) .
p02 measurements
To insure that anoxia was complete and rapid, we mea sured its onset in the chamber using a p02 meter (402 Oxygen Alarm, Vascular Technology). With the chamber maximally closed, the sensor was placed at about the point in the chamber where the nerve was usually posi tioned. When the gas was switched from O2 to N2, oxy gen fell from 95% to 0% within 2.5 min ( Fig. 1 ). Most of the decline occurred in the first minute, with the p02 reaching 20% by about 30 s. The return of O2 had a similar time course ( Fig. 1 ). For all experiments, the duration of anoxia was measured from the point at which the gases were switched.
Data analysis
The CAP magnitude was measured from peak to peak. We normalized the data by reporting values as a percent age of the control magnitude, which was obtained just before the onset of anoxia. When appropriate, means and standard deviations were calculated; Student's t test was used to determine significant differences between com parison groups.
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RESULTS
Anoxia increased [K+]Q' decreased pHQ, and decreased ECS
Within 3 or 4 min of the onset of anoxia, [K +]0 slowly increased from 3 to about 5 mM, at which time there was a more abrupt increase in [K +]0 to a final concentration of between 11 and 18 mM (Fig.  2) . In normal bath solution (i.e., 10 mM glucose), the plateau level of [K +]0 was reached within 5 to 8 min of the onset of anoxia, and in a series of obser vations using an anoxic period of between 12 and 15 min, the average maximum [K +]0 was 14.0 ± 2.9 mM (N = 7). Following the reintroduction of oxy gen, [K +]0 fell rapidly to the baseline level of 3 mM (Fig. 2) . There was often a small undershoot in [K + ]0 ranging from 0.1 to 0.4 mM, as is often seen after intense stimulation (Connors et al., 1982) . As shown in Fig. 2 (see Stys et al., 1990) , the CAP diminished in amplitude during anoxia with a time course very similar to the time course of the in crease in [K +]0 (see also Fig. 7 ).
An acid shift in pHo developed during anoxia (Fig. 2) . As with the increase in [K +]0' in normal bath solution containing 10 mM glucose, the maxi mum acid shift following anoxia was reached within 5 to 8 min, although the peak in the pHo change usually lagged slightly the change in [K +]0' The maximum acid shift averaged 0.31 ± 0.07 pH unit (N = 7). Following such anoxic intervals, pHo re turned to its baseline level in a complicated fashion. In all instances, there was an initial rapid increase in pHo followed by a smaller, secondary acidification that gradually returned to the baseline pHo ( Fig. 2 ; see also Fig. 4 ). The entire recovery period of pHo, however, was prolonged and often lasted 15 to 20 min (e.g., Fig. 2) . The time course of pHo recovery following a period of anoxia was manyfold slower than recovery of [K +]0 ( Fig. 2 ; see also Fig. 4 ). The effects of anoxia on ECS volume were inves tigated (see the Methods section). In response to t 2 min J Cereb Blood Flow Metab, Vol. 12, No. 4, 1992 anoxia, there was a marked increase in [TMA +]0 that had a time course similar to the changes in pHo ( Fig. 3) tion (Kraig et al., 1985) . We examined the effects of bath glucose concentration on the anoxia-induced extracellular ion changes in the optic nerve. In creasing the bath glucose concentration from its normal level of 10 to 20 mM, resulted in a greatly augmented anoxia-induced acid shift (Fig. 4) ; the average maximal acid shift was 0.58 ± 0.08 pH unit (n = 4). Under these conditions, [K + ]0 increased more slowly and to a lower level (Fig. 4) ; the aver age maximal [K + ]0 was 9.2 ± 2.6 mM (n = 4). The average changes in pHo and [K + ]0 during anoxia in 20 mM glucose were significantly different from the comparable changes seen in 10 mM glucose (p < 0.005 andp < 0.05, respectively). In the presence of 20 mM glucose, the rates of recovery of [K + ]0 and pHo to their initial baselines, following anoxia, were roughly similar to the rates of recovery seen in 10 mM glucose (Fig. 4) . The secondary acidification during recovery from anoxia, as described above in 10 mM glucose, was also evident in 20 mM glucose ( Fig. 4) . When bath glucose was reduced from 10 to 5 mM, the effects on pHo and [K + 10 were exactly opposite to those seen when the glucose concentration was increased; in the presence of 5 mM glucose, the extracellular acid shift was smaller and the increase in [K + ]0 was larger (not illustrated). The effects of extracellular glucose concentration on the maxi mum acid shift and maximum increase in [K + ]0 seen during anoxia are shown quantitatively in Anoxia increase in [K + ]0 during anoxia were inversely re lated, while the bath glucose concentration and the maximum acid shift during anoxia were directly re lated to one another (Fig. 5) .
Effects of increased [K+]o on optic nerve excitability
Long periods of anoxic exposure produce irre versible injury in the optic nerve as measured by a permanent reduction in CAP amplitude or area (Ransom et al., 1990a; Stys et al., 1990) . Anoxia induced WM injury depends critically on the pres ence of extracellular Ca 2 -t- (Stys et al., 1990) . Con ceivably, increases in [K + ]0' per se, might augment this process by triggering a depolarization-depen dent mechanism of Ca 2 + influx. The effects of ex ogenously increasing [K + ]0 on optic nerve excit ability and survival were tested by monitoring the maximum amplitude of the CAP.
When the bath [K + ]0 was increased from 5 to 30 mM and maintained at this level for 60 min, there was an abrupt loss of optic nerve excitability (Fig.  6 ). The CAP, however, rapidly recovered to greater than 90% of its original amplitude when [K + ]0 was returned to the normal bath level of 5 mM (Fig. 6 ). This experiment was repeated in four separate optic nerves with similar results.
Bath glucose concentration and CAP loss during anoxia
During anoxia, the CAP amplitude fell more slowly in the presence of a 20 mM bath glucose concentration than in the presence of 10 mM glu- glucose was significantly different from the values at 10 mM (p < 0.05) and 5 mM glucose (p < 0.01); the [K+]o at 5 mM glucose was not significantly different from the value at 10 mM (p < 0.08). The average pHo at 5 mM glucose was sig nificantly different from the values at 10 mM (p < 0.01) and 20 mM glucose (p < 0.005); the pHo at 10 mM glucose was significantly different from the value at 20 mM (p < 0.005 cose (Fig. 7A) . In both instances, however, the loss of CAP amplitude was strongly correlated with [K+]o (e.g., Fig. 2) ; as [K+]o rose to levels above about 8-10 mM, the CAP was lost. In 20 mM glu cose, [K +]0 rose more slowly during anoxia than in 10 mM glucose (Fig. 4B ).
The average time courses of anoxia-induced CAP loss for two groups of nerves, one bathed in 10 mM and the other bathed in 20 mM glucose, are shown in Fig. 7B . The average amplitude of the CAP fell significantly more slowly in the higher glucose so lution. The bath glucose concentration did not sig nificantly affect the rate of CAP recovery from a 60 min period of anoxia (Fig. 7C ). 
Bath glucose concentration and optic nerve recovery after prolonged anoxia
Previous work has established that the CAP, a measure of optic nerve functional integrity, is irre versibly diminished in a graded manner after pro longed periods of anoxia (Ransom et ai., 1990a; Stys et ai., 1990) . For example, after 60 min of an oxia, the CAP recovers to about 35% of its prean oxic, or control, amplitude. The effect of bath glu cose concentration on the degree of CAP recovery following a standard 60 min period of anoxia was tested. Optic nerves were bathed in either 10 or 20 mM glucose continuously beginning 30 min prior to the onset of anoxia. The extent of recovery was measured 60 min after the end of the anoxic period (i.e., 120 min from the beginning of anoxia) because this insured that the maximum level of recovery would be measured ( Fig. 7C) (Stys et ai., 1990) . Tested in this manner, the mean recovery of the CAP amplitude was 31.8 ± 13.9% (N = 6) in the presence of 10 mM glucose, while the mean recov ery was 57.2 ± 12.6% (N = 6) in the presence of 20 mM glucose (p < 0.0 1).
DISCUSSION
In WM, as in GM, anoxia caused rapid, but smaller, changes in [K +]0 and pHo. These anoxia induced extracellular ionic changes are probably caused by rapid depletion of A TP (Lowry et al., 1964; Siesjo, 198 1; Plum and Pulsinelli, 1986) . Al though the rate of oxygen consumption is less in WM than in GM (Nishizaki et ai., 1988) , in the ab sence of oxygen neither tissue appears able to meet its energy demands by anaerobic metabolism alone. In the isolated optic nerve, anaerobic metabolism cose. The preanoxia CAP is labeled "con"; the other traces were taken at various times after the onset of anoxia (the numbers indicate the time from anoxia onset in minutes). B: The aver age rate of decline of CAP amplitude from the onset of anoxia, expressed as "% control CAP," is shown for nerves bathed in 10 and 20 mM glucose. Mean CAP amplitude (±1 SD shown for selected points) at various times af ter the onset of anoxia was calculated from pooled data; average CAP de cline in 10 mM glucose is shown by the filled squares (n = 6) and CAP de cline in 20 mM glucose is shown by the unfilled squares (n = 6). The average CAP fell more slowly in 20 mM compared to 10 mM glucose (p < 0.001). C: The effect of perfusion glucose concentration on the rate of CAP recovery after 60 min of anoxia is shown.
"% CAP recovery" refers to the average CAP amplitude at various times after anoxia normalized to maximum CAP recovery; thus, the curves both go to 100% even though the absolute values of CAP recovery were higher for the nerves in 20 mM glucose (see the text). The rates of CAP recovery were not significantly different in 10 mM vs. 20 mM glucose.
may be even less effective than in vivo because the substrate for glycolysis (glucose), must diffuse into the nerve from the bath, a longer diffusion path than is the case in vivo, where glucose is delivered by the capillary system. Anaerobic metabolism leads to accumulation of extracellular lactic acid, causing an acid shift in pHo (Siesjo, 198 1; Kraig et aI., 1983 Kraig et aI., , 1985 . In vitro studies suggest that during anoxia glial cells and neurons have equivalent amounts of intracellular lactate, but that glial cells transport more lactic acid to the ECS (Walz and Mukerji, 1988) . The anoxia-induced decline of ATP causes en ergy-dependent ion pumps to fail, including the Na + and Ca2 + pumps. As a consequence, ions re distribute down their concentration gradients, lead ing to membrane depolarization that activates volt age-dependent Na + and K + channels, which has ten ion gradient breakdown; the increase in [K +]0 is a result of this sequence. A subclass of Na + chan nels does not inactivate with prolonged depolariza tion (Stafstrom et aI., 1985) and such channel s would be preferentially involved in Na + redistribu tion. In WM, this increase in intracellular [Na+], triggered in part by membrane depolarization brought about by increasing [K +]0' leads to reverse operation of the N a + -Ca2 + exchanger that causes damaging increases in intracellular [Ca2 +], presum ably in axons (Ransom et aI., 1990a; Stys et aI., 1991) .
The extent to which extracellular ionic changes participate in the development of anoxic injury in WM is not known. Increasing [K +]0 to 30 mM for 60 min, under normoxic conditions, was not harm ful to the optic nerve, although it abolished the CAP during the application period (Fig. 6) . Likewise, in preliminary experiments, the optic nerve was un damaged by extended exposure to 20 mM lactate buffered to a pH of 6.4. The effects of such changes are likely to be different, however, under anoxic conditions when there is depletion of energy stores. For example, the membrane depolarization and fa cilitation of Na + entry caused by elevated [K +]0 would more strongly favor the development of re verse N a + _Ca2 + exchange in the absence of a func tional Na + pump (Stys et aI., 199 1) .
ECS shrinkage during anoxia in WM
Previous studies have demonstrated that the ECS of the mature optic nerve rapidly and reversibly de creases by as much as 20% in response to intense neural activity (Ransom et aI., 1985) . During an oxia, the ECS volume decreased with a time course similar to the changes in pHo (Fig. 3) 
and [K +]0'
The method of ECS measurement used here pro vided a minimum estimate of the anoxia-induced ECS shrinkage for two reasons: (a) TMA + may be taken up by glial cells (Ballanyi et aI., 1990) , al though this process appears to reach a rapid steady state after initial TMA + exposure, suggesting that the uptake mechanism is rapidly saturated and may not play a significant role in the circumstances of these experiments. (b) During anoxia-induced in creases in [TMA +]0' the TMA + in the ECS will diffuse from this space into the bath, which is now at a lower concentration (i.e., 5 mM), and this pro cess will cause ECS shrinkage to be underesti mated. The gradual decline of [TMA +]0 from its initial maximum during anoxia is probably the result of this process, which also accounts for the large undershoot in TMA concentration seen following anoxia (Fig. 3) ; as the ECS volume returns to nor mal, the rehydrated ECS initially contains a lower than baseline TMA concentration because of the previous diffusion of TMA out of this compartment into the bath.
Shrinkage of the ECS during anoxia could con tribute to the observed changes in pHo and [K +]0 because it would lead to a concentration of solute molecules in a smaller fluid volume. Quantitatively, however, this mechanism is likely to play only a small role in altering extracellular ion concentra tions during anoxia. Even if ECS shrinkage was much greater than the measured value of -20%, for example 30%, such a decrease would only cause lK +]0 to increase from 3 to 4 mM and pHo to de crease by -0. 1 pH unit; these changes are much smaller than those actually measured.
Why are anoxia-induced ionic changes smaller in WM than in GM?
Anoxia causes cortical [K +]0 to increase to as high as 80 mM and pHo to shift acid by as much as 1 pH unit (Hansen, 1985; Kraig et aI., 1985) , which are much larger changes than those seen in the optic nerve. This difference between WM and GM may have several explanations. In GM, anoxia causes massive and uncontrolled release of neurotransmit ters (Benveniste et aI., 1984; Globus et aI., 1988) that activate ion channels permeable to K + (Mayer and Westbrook, 1987) . Vesicular release of trans mitters does not occur in WM nor is there an abun dance of postsynaptic receptors in this tissue, al though transmitter-activated channels may be present in glial cells (Kettenmann and Schachner, 1985) . The optic nerve, for example, shows no re sponse to high concentrations of the excitatory amino acids aspartate and glutamate (Ransom et aI., 1990b) . This lack of pre-and postsynaptic struc tures in WM would contribute, therefore, to the smaller extracellular ionic changes seen.
Anoxia-induced excitatory transmitter release probably participates in the development of a spreading depression-like event in GM (Hansen, J Cereb Blood Flow Metab, Vol. 12, No. 4, 1992 1985; Somjen et aI., 1990) , which is not seen in WM. The ion channels that open during spreading de pression have been cleverly assessed using large inert molecules and were found to be very large in size and nonspecific in terms of ionic charge (Phil lips and Nicholson, 1979) . The opening of these large pores would facilitate transmembrane ion fluxes, probably including protons, contributing to rapid and large changes in the extracellular ionic environment (Kraig and Nicholson, 1978) . Al though the absolute ECS volume in WM and GM is probably similar, the magnitude of ECS shrinkage in OM during anoxia is likely to be greater than in WM (e.g., Fig. 4 ), based on measurements of ECS shrinkage during spreading depression (Phillips and Nicholson, 1979) ; the smaller ECS volume in OM compared to WM would tend to magnify changes in extracellular ionic concentrations. Thus, the ab sence of an anoxia-induced spreading depression like event in WM is probably an important factor in the less substantial extracellular ionic shifts seen in this tissue.
Anoxia-induced pHo changes might also be influ enced by differences between OM and WM in the availability of glucose for anaerobic metabolism. Although brain glycogen stores are small, the con centration of glycogen is higher in OM than in WM by a factor of two-to fourfold (McCandless et aI., 1987; Raymond Swanson, personal communica tion) . Moreover, the magnitude of lactate accumu lation during anoxia is highest in those areas of the brain that have the highest concentration of glyco gen (Swanson et aI., 1989) . It is quite likely, there fore, that the differential distribution of glycogen stores in the brain contributes to the smaller acid shifts seen in WM compared to GM.
Another mechanism that could contribute to ex tracellular acidification during anoxia is depolariza tion-induced alkalinization (Chesler and Kraig, 1987; Siebens and Boron, 1989; Chesler, 1990) . The mechanism of depolarization-induced alkalinization may involve changes in Na + -HC03 � cotransport and H-Iactate cotransport (Siebens and Boron, 1989; Deitmer and Szatkowski, 1990) ; in either event, the intracellular alkalinization is achieved by the export of acid equivalents, causing extracellular acidification. Mammalian glial cells exhibit intracel lular alkalinization with depolarization (Chesler and Kraig, 1987; Boyarsky et aI., 1988) ; neurons might also show depolarization-induced alkalinization but this has not been studied [in the leech nervous sys tem, however, only glial cells show this response (Deitmer and Szatkowski, 1990) ]. Since [K +]0 dur ing anoxia rises to much higher levels in GM than in WM (see above), depolarization-induced alkaliniza-tion is likely to be a more important mechanism of extracellular acidification in GM.
Glucose effects on anoxia-induced ionic changes and CAP recovery from anoxia
The magnitude of extracellular acidification dur ing anoxia increases with the serum glucose level in rat cortex (Kraig et al., 1985) . This was also seen in WM (Figs. 4 and 5) . This observation was very likely the result of enhanced anaerobic metabolism resulting in greater accumulation of extracellular lactate (Kraig et al., 1985; Swanson et al., 1989; Siesj6, 198 1) . This argument can also explain the accompanying reduction in the magnitude of the in crease in [K +]0 ( Figs. 4 and 5) . The enhanced anaerobic metabolism permitted by a higher bath glucose concentration would provide more A TP to fuel the Na+, K+ -ATPase, which in turn would slow the deterioration of transmembrane ion gradi ents in the face of anoxia.
The CAP was lost more slowly during anoxia in the presence of elevated bath glucose. The time course of anoxia-induced loss of the CAP amplitude was well correlated qualitatively with the time course of the increase in [K + ]0' Moreover, similar increases in [K +]0 are known to reduce and then abolish the optic nerve CAP . Thus, the delaying effect of the increased bath glu cose level on the loss of the CAP amplitude during anoxia was probably mediated by the slower change in [K+]o (Fig. 4) .
In contrast to the situation in GM (Pulsinelli et al., 1982) , WM suffers less, rather than more, irre versible injury during anoxia in the presence of higher than usual glucose concentrations (see be low). This occurs in spite of the fact that the ele vated bath glucose concentration caused a greater acid shift, which is believed to worsen outcome (Plum, 1983) , than seen with normal bath glucose (i.e., 10 mM). The protective effect of elevated bath glucose concentration was probably the simple con sequence of greater amounts of ATP available for the maintenance of ion gradients. Of particular im portance is the cell's ability to remove accumulated intracellular Na + and Ca 2 +; excess intracellular N a + will augment the damaging influx of Ca2 + me diated by reverse operation of the N a + -Ca2 + ex changer (Stys et al., 199 1) .
Curiously, in vitro studies, in contrast to in vivo studies, seem to indicate that GM and WM are both protected from irreversible anoxic injury by ele vated bath concentrations of glucose (Schurr et al., 1987) . This may mean that both types of brain tissue benefit from circumstances that lead to enhanced energy production during anoxia, regardless of the consequences in terms of pHo. The worse outcome in GM in vivo, after anoxic exposure in the pres ence of elevated glucose, could depend on vascular factors that have been largely removed in the in vitro situation. In vivo, the effect of a more pro nounced acid shift may be to worsen the functional recovery of the capillary network necessary for reperfusion. This important question deserves fur ther study.
